The determination of trace-or ultra-trace amounts of elements becomes more and more important in fields such as environmental, biological, and material sciences.
methods using chelating resins, such as a batch method with Chelex-100, 14 a column method with chelating beads, 15 and a filtration method with a chelating disk, 16 have been developed to improve the sensitivity as well as to effect the elimination of interfering sample matrix prior to the ICP-MS measurement.
In this study, iminodiacetate type of chelating resin fibers and strong anion exchange type of filter were used for collecting metal ions and metal oxonium anions. The main purposes of the present pretreatment procedure are to enhance the adsorption efficiency for many metal species, to downsize the experimental conditions, such as samples, reagents, materials, vessels and wastes, and to perform the rapid and simple operation (less than 30 min excluding the dissolution process). Compared to the conventional pretreatment methods, such as solvent extraction, batchwise and column separation methods with chelating resins, the proposed method has several advantages: small sample size, less consumption of reagents, short pretreatment time, less contamination and easy portability. In a practical sense, 5 ml (pH 6.0) of 0.2 M (1 M = 1 mol dm -3 ) ammonium acetate was used for the conditionings of resins and filters, and 2 -20 ml of 1 M nitric acid was used as an eluent. The enrichment factor from 2.5 to 20-fold can be easily attained by varying sample volumes from 5 to 40 ml with 2 ml eluent.
Sample digestions for peach leaves (NIST 1547) and pond sediment (NIES No. 2) were carried out by a microwave digestion method [17] [18] [19] [20] [21] [22] using only HNO3 and HNO3 + HF, respectively. Each decomposition time for peach leaves and pond sediment was 35 min and 45 min, respectively.
Experimental

Instruments
The ICP-MS instrument (Model SPQ-8000H; Seiko Instruments, Chiba, Japan) with a quadrupole mass spectrometer was used, equipped with a glass concentric nebulizer (TR-30-C2, J.E. Meinhard Associates, CA, USA). The operating parameters of ICP-MS system are listed in Table  1 .
The microwave oven used was a Multiwave TM manufactured by Anton Paar GmbH (Graz, Austria) and purchased from Perkin-Elmer Japan (Yokohama, Japan). Six solid samples could be treated at once by this microwave system. Each PTFE (polytetrafluoroethylene) vessel was sealed with a cap, and was automatically heated up to 230˚C and pressurized up to 75 bar under 1000 W microwave power according to a computer program for the microwave system.
Syringe apparatus
A syringe-type pretreatment apparatus (polypropylene, 20 cm 3 of volume) shown in Fig. 1 was newly developed. The syringe consisted of three layers; upper and lower layers were an anionic exchanger filter (NF-3), which held and fixed the middle layer of chelating resin fibers (NF-2, 0.6 g). The flow rates (1 -4 ml min -1 ) of a certain solution in the fiber-packed syringe were controlled by hand. Two steps, suction and release of a solution, constituted the syringe operation. Each sample solution came into contact with the solid phase twice per action, which could enhance the adsorption efficiency of analyte elements in a short time. Likewise, the efficiency of the metal desorption in elution step could be improved by way of two-step handling.
Chemicals
The chelating resin fibers (Expapier TR NF-2) and the anionic exchanger filter (Expapier TR NF-3, 0.38 mm thickness) used were purchased from Sumika Chemical Analysis Service (Tokyo, Japan).
A multielement standard stock solution (0.1 µg ml) was prepared from diluting single element standard solutions for atomic absorption spectrometry (Wako Pure Chemicals, Osaka, Japan, 1000 µg ml -1 each) and a mixed standard solution containing 31 elements for ICP-MS (XSTC-13, Spex CertiPrep Inc., New Jersey, USA, 10 µg ml -1 each). The multielement standard stock solution was diluted with 1 M nitric acid just before the ICP-MS measurement. The multielement standards prepared in this way contained metal ions at the concentrations from 0.01 to 50 ng ml -1 (0.01, 0.1, 1, 10 and 50 ng ml -1 ). Ultrapure grade nitric acid (60%) and hydrofluoric acid (48%) were purchased from Kanto Chemicals (Cica-MERCK, Tokyo, Japan). Ultrapure water (18.2 MΩ cm resistivity) was prepared with a Milli-Q Element TR (Nihon Millipore, Tokyo, Japan). Acetic acid (minimum 96%) and ammonia water (29%) used for the preparation of ammonium acetate buffer solution were of electronics industry grade (Kanto Chemicals).
A 4 M ammonium acetate solution for adjusting the pH of samples was prepared by mixing ammonia and acetic acid solutions, with an equimolar concentrations. The 0.2 M ammonium acetate buffer solution used for column conditioning as well as for the elimination of matrix from the column was prepared by diluting the 4 M ammonium acetate buffer solution and adjusting to pH 6 by adding a small amount of nitric acid.
Samples
The peach leaves standard reference material (SRM 1547) was purchased from NIST (National Institute of Standards and Technology, Gaithersburg, Maryland, USA); its loss on dryness was 8.45 ± 0.02% for five independent runs (1.000 g, 110˚C, 6 h).
The pond sediment certified reference material (NIES No. 2) was granted by courtesy of co-work for the CRM development program from AIST (The National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki, Japan); its loss on dryness was 10.8 ± 0.1% for five independent runs (1.000 g, 110˚C, 6 h).
Preconcentration procedure
A flow chart for the syringe pretreatment is summarized in Fig. 2 . The chelating fibers in the syringe were rinsed by filtering 5 cm 3 of 1 M nitric acid and conditioned by filtering 5 ml of 0.2 M ammonium acetate buffer solution (pH 6.0). A 10-ml volume of the sample solution was adjusted to pH 6.0 by adding 2.5 ml of 4 M ammonium acetate buffer solution. After the sample solution was passed through the syringe, the solid phase was washed by filtering 5 ml of 0. buffer solution (pH 6.0) and then filtering 5 ml of ultrapure water. Finally, the analyte elements adsorbed on the solid phase were eluted with 10 ml of 1 M nitric acid. The effluent was analyzed by ICP-MS.
Results and Discussion
Sample decomposition procedures Table 2 shows the programs applied to the digestion of peach leaves (A) and sediment (B) using the Multiwave TM . A 0.3 g sample of peach leaves with 5 ml of 60% HNO3 and a 0.2 g sample of pond sediment with 1 ml of 48% HF + 5 ml of 60% HNO3, respectively, were used for acid attack. The total digestion time for peach leaves and pond sediment was 35 min and 45 min, respectively. After the digestion, clear and clean solutions were obtained from the solid samples.
Optimization of fiber amounts in preconcentration procedure
A synthetic solution containing 14 REEs (each concentration: 1 ng ml -1 ) was used to investigate the recoveries of trace elements in the pretreatment with the chelating fibers. In order to examine the smallest amounts of chelating fibers for complete recovery, 0.2 g, 0.4 g, 0.5 g, 0.6 g, 0.8 g, and 1.0 g of fibers were packed into six different syringes and the same volume of synthetic solution (20 ml) was treated by the proposed pretreatment procedure for each syringe. As a result, the average recovery of 14 REEs was increased with increasing the fiber amounts used: 53.6% for 0.2 g, 92.5% for 0.4 g, and nearly 100% for more than 0.5 g. Considering safety, we used 0.6 g of chelating fibers in the proposed pretreatment procedure.
Effect of sample volume on recoveries of REEs
Under the condition using 0.6 g of chelating fiber, the recovery of 14 REEs was examined while changing the sample volume from 5 to 50 ml (5, 10, 20, 30, 40, and 50 ml) using the synthetic solution containing 1 ng ml -1 of REEs. As a result, it was found that the sample volume from 5 to 40 ml gave the metal recovery of 100%. In case of 50 ml, the recovery was slightly decreased to about 90%.
Effect of eluent volume on recoveries of REEs
In order to examine the minimum volume for complete elution from the chelating fibers, 1 M HNO3 (from 0.5 to 5 ml) was used as an eluent for REEs recoveries in the present pretreatment procedure. As a result, we found that 2 ml of 1 M HNO3 was the minimum volume for complete recovery in the syringe pretreatment. This elution volume (2 ml) was still less than that of the column method or batch-wise method (at least 5 ml is required). Minimization of the eluent volume enables us to obtain larger enrichment factors.
Therefore, 20-fold concentrated metal solutions could be easily obtained with 40 ml of sample solution by the present pretreatment.
Test of adsorption capacity of the chelating fibers
In order to examine the adsorption capacity on the chelating fibers, a wide range of metal concentrations was examined by the proposed pretreatment. Eight kinds of concentration levels of standard solutions containing from 10 pg ml -1 to 100 µg ml -1 by 10-fold increment of each REE were investigated to determine whether the metals could be completely adsorbed on the constant amount of chelating fibers (0.6 g) or not. As a result, we found that the metal concentrations over the ranges examined were applicable to adsorption/concentration by the proposed syringe pretreatment. Such a large metal capacity probably results from the large surface areas of the chelating fibers.
Effect of sample flow on recovery
Various sample flow rates through the chelating fibers were tested to examine how much the flow rates affected the metal recovery; here the sample flow of syringe was controlled by hand. When 4 different sample flows from 1 to 4 ml min -1 (1, 2, 3 and 4 ml min -1 ) were tested using a 20 ml of REEs solution, the metal recovery was almost 100%. However, the sample flow rate greater than 5 ml min -1 resulted in a decrease of the metal recovery and a deterioration of the precision in the pretreatment procedure.
After all, the time for syringe pretreatment could be reduced to within 30 min. , and analyte trace elements (the content of each metal was 1.0 µg). The percentage removal of the matrix elements was more than 99%; the recovered concentrations were negligibly low (below 1 µg ml -1 ) compared to the initial concentrations of the matrix components. To remove the matrix components adsorbed on the chelating resin fibers, 5 ml of 0.2 M ammonium acetate buffer solution was sufficient. In spite of major elements coexisting in artificial sample, the recoveries of REEs, V, Co, Ni, Cu, Zn, Ga, Cd, Pb, Th and U were almost 100%.
Analysis of peach leaves
Sample solutions obtained by the acid digestion procedure were diluted to 50-fold with ultrapure water, and the diluted solutions were used for the syringe-type pretreatment. Five sets of syringe-type pretreatment apparatus were simultaneously used to evaluate the precision and accuracy of the procedure. The analytical results obtained for HMs and REEs are shown in Table 3 . The concentrations for 11 HMs were determined by the proposed method, and their results, except for Mn, were in good agreement with the certified or reference values for SRM 1547. The precision (RSDs) for the analytes examined was in the ranges of 1.1% (Pb) -7.1% (Ni), and the accuracy (percent deviations) was in the ranges of 0.6% (Pb) -15% (Mn). Contrary to the analysis of natural water samples, 25 it was not needed to enrich REEs by the pretreatment procedure because REEs abundances in the peach leaves were enough to determine them without preconcentration by ICP-MS. Even though there are no certified values for REEs, the analytical results for REEs obtained by the proposed method were very precise, and they can be considered as reliable data.
Analysis of pond sediment
A sample solution obtained by the acid digestion procedure was transferred to a PTFE beaker (50 ml) and evaporated to dryness on a hot plate at 120˚C in a clean chamber into which nitrogen gas was flowing. The residue in the beaker was redissolved with 2 ml of 1 M HNO3, and 18 ml of ultrapure water was added. The diluted solutions were used for the syringe-type pretreatment. Three independent sets of syringetype pretreatment apparatus were simultaneously used in the pretreatment procedure. The analytical results obtained for HMs and REEs are shown in Table 4 . The analytical results obtained by other methods, such as ICP-MS without preconcentration and a chelating disk preconcentration/ICP-MS, are also listed in Table 4 to compare with the data obtained by other methods.
The concentrations for 8 HMs (V, Mn, Co, Ni, Cu, Zn, Cd and Pb) determined by the proposed method agreed well with the certified or reference values for NIES No. 2 within 10% relative deviation. As a whole, the analytical data for trace REEs obtained by the proposed method were also in good agreement with those obtained by ICP-MS without preconcentration and a chelating disk preconcentration/ICP-MS. Exceptionally, the analytical results for Mn and Fe obtained from Disk/ICP-MS method is much lower than those obtained from Fiber/ICP-MS and ICP-MS without any pretreatment. Usually, the stability constant for Mn-IDA complex is considerably lower than that of other heavy metal-IDA complexes, such as Cu, Zn, Cd, Pb, Fe, Hg, La, Ni, and Co. The adsorption efficiency for Mn is about 50% or less and shows poor precision in pretreatment procedure when using IDA-type chelating resin at pH 6. In this study, the adsorption efficiency for Mn is remarkably improved although the exact adsorption mechanism has not been elucidated. This may be due to the assistance of anionic exchange filters. In case of Fe, the poor recovery obtained from the Disk/ICP-MS method is ascribed to insufficient chelation capacity of the disk. The abundance of Fe in the pond sediment sample is about 6.5%, and the numbers of IDA-functional groups are too limited to adsorb such a high metal concentration.
Conclusion
A solid-phase collection and concentration method for the multielement determination of heavy metals (HMs) and rare earth elements (REEs) in samples, such as natural waters, and biological and geological samples, was developed by using a plastic syringe packed with chelating resin fibers and anion exchanger filters.
The results obtained in the present study show that the syringe-type pretreatment method using the chelating fibers and the anion exchanger filters is very useful to preconcentrate trace elements because of its large collection capacity, with the additional advantages of simplicity, rapidity, and repeatability. The proposed solid-phase collection/concentration system, coupled with an IDA-chelating resin fiber and the anion exchanger filter, may also be applicable to the preconcentration of trace elements in various aqueous samples.
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ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 a. Pond sediment sample (0.2 g) was digested with the microwave digestion system, pretreated with the syringe-type apparatus and measured by ICP-MS (n = 3). b. Pond sediment sample (0.2 g) was digested with the microwave digestion system, then by 1000-fold diluted with 1 M HNO3, and measured by ICP-MS without any pretreatment (n = 3). c. Pond sediment sample (0.2 g) was digested with the microwave digestion system, pretreated with the filtration-type apparatus and measured by ICP-MS (n = 3).
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